Aminoglycoside has been known as a clinically important antibiotic for a long time, but genetic information for the biosynthesis of aminoglycoside is still insufficient. In this study, we tried to clone aminoglycoside-biosynthetic genes from soil DNA for accumulation of genetic information. We chose the genes encoding L-glutamine:(2-deoxy-)scyllo-inosose aminotransferase as the target, because it is specific for all types of aminoglycoside biosynthesis. By degenerate PCR, we obtained 33 individual clones that were homologous with aminotransferase genes in aminoglycoside biosynthesis. Phylogenetic analysis and alignment of these genes showed that horizontal gene transfer has occurred in the soil. Among these, several quite interesting genes were obtained. Some genes probably originated from non-actinomycetes, and some were far from the known homologs. These genes can be useful markers for the isolation of entire gene clusters and originating organisms.
Antibiotics are one of the most important secondary metabolites and are produced mainly by microorganisms. Development of antibiotics has been carried out for a long time by the traditional strategy: random screening for producers from the environment. Lately, novel antibiotics of natural origin have become difficult to detect in spite of improvements in screening capability. 1) However, it is thought that the number of microorganisms cultured from soil represents less than 1% of the total communities.
2) Most of the microorganisms are viable but non-culturable (VBNC), and their genetic information, of course, remains as a nonutilized genetic resource. Such uncultured microorganisms might be the rich source for the discovery of novel antibiotics. Further, actinomycetes (a major group for the production of antibiotics) have been shown to contain many genes for the production of secondary metabolites in their genomes although they actually produce few of them under the usual culture conditions. 3, 4) Thus, such genes are also positioned as nonutilized genetic resources, although they are from isolated microorganisms.
Novel strategies for the use of such non-utilized genes from environmental microorganisms have been developed recently. 5) A novel and useful genetic resource from the environment might be put to practical use by cloning the soil metagenome. 6, 7) Even if the genes obtained by this method appear to be from organisms that might be culturable, some of them can be probes for efficient screening of the interesting organisms which contain corresponding genes in their genomes. Especially, it is meaningful to discover antibiotic-biosynthetic genes from the soil, because they can be utilized for combinatorial biosynthesis of antibiotic-analogs and for screening of producers. Many DNA fragments encoding polyketide synthase, one of the well-known antibiotics on the genetic level, has been obtained from soil DNA. 8, 9) Aminoglycosides are one of the most important antibiotics for clinical demands. Even today, the importance of aminoglycosides is not changed at all, for example, for the treatment of HIV infection. 10, 11) As for chemical structure, aminoglycosides can be classified into two major groups. One is those having an aglycone of fully-substituted aminocyclitol which is biosynthesized from myo-inositol. Streptomycin, fortimicin, and spectinomycin are in this group. Genetic and enzymological studies have been performed for the biosynthesis of these antibiotics. [12] [13] [14] The other group of aminoglycosides has a common aglycone of 2-deoxystreptamine (DOS), and clinically important and major compounds are included in this category, such as neomycin, kanamycin, ribostamycin, butirosin, gentamicin, tobramycin, sisomicin, sagamicin, etc. Genetic and biochemical studies of these compounds have not succeeded lately. First, the butirosin-biosynthetic system was identified from Bacillus circulans. [15] [16] [17] [18] These works have opened the way for the study of DOS-containing aminoglycoside-biosynthetic genes, and many homoloThis paper is dedicated to the memory of Professor Katsumi Kakinuma. y To whom correspondence should be addressed. Fax: +81-3-5317-9433; E-mail: htamegai@chs.nihon-u.ac.jp gous genes have been identified from producers. [19] [20] [21] However, genetic information for aminoglycoside biosynthesis is still inadequate for application in combinatorial biosynthesis.
Through these studies, a kind of aminotransferase (StsC) was discovered in the biosynthetic system of streptomycin.
14) The enzyme catalyzes the transfer reaction of an amino group from L-glutamine to scylloinosose (scyllo-inosose + L-glutamine ! scyllo-inosamine + -keto-glutaramate), and contributes to the biosynthesis of aglycone in streptomycin. Subsequently, L-glutamine:2-deoxy-scyllo-inosose aminotransferase (BtrS) was identified from butirosin-producer Bacillus circulans.
22) The enzyme catalyzes the similar reaction with StsC (2-deoxy-scyllo-inosose + L-glutamine ! 2-deoxy-scyllo-inosamine + -keto-glutaramate), and the corresponding gene shows significant homology with stsC. Subsequently, homologous genes have been isolated from other producers of DOS-containing aminoglycoside. 23) These findings clearly showed that this type of aminotransferase gene is unique and common in the biosynthesis pathway for both groups of aminoglycoside antibiotics. This type of gene can be a useful marker for screening of aminoglycoside-producers or exploration of its biosynthetic genes. 23, 24) Further, the sequence information of the genes can be utilized for classification of aminoglycosides which are biosynthesized by the corresponding genes, like those of 16S rDNAs for bacterial taxonomic study. Genes with distant phylogenetic relationships with known aminotransferase genes might be involved in the biosynthesis of aminoglycosides with novel structures.
In the present study, we investigated the isolation of btrS homologous genes from soil DNA by PCR and carried out the phylogenetic analysis on the sequences of obtained DNA fragments. Some attracting genes were found among the PCR products. These results contribute to the accumulation of genetic information for aminoglycoside biosynthesis and the finding of novel aminoglycoside-producers.
Materials and Methods
Organism. E. coli DH5 was cultured in LB medium or on LB-agar containing 50 mg/ml of ampicilin when necessary.
DNA extraction from soil. The soil samples were collected from Shinjuku Central Park in Tokyo, Japan, Shinjuku Gyoen National Garden of Tokyo, and the top of Mount Fuji in Shizuoka, Japan. DNA extraction was carried out with an UltraClean Soil DNA Kit (MO BIO, Carlsbad, CA) according to the manufacture's protocol.
Cloning of the genes by PCR. In order to identify btrS homologs, three degenerate primers (nkanS1f, kanS2r, and kanS3r) were designed from the well-conserved regions among btrS (for butirosin biosynthesis in B. circulans), spcE (for spectinomycin biosynthesis in Streptomyces netropsis), spcS2 (for spectinomycin biosynthesis in Streptomyces spectabilis), and stsC (for spectinomycin biosynthesis in Streptomyces griseus) ( Table 1) . PCR (1 cycle at 95 C for 10 min, followed by 40 cycles of 95 C for 1 min, 48-59 C for 1 min, and 72 C for 1 min, and then 72 C for 10 min) was carried out using these primers, with the soil DNA as template. The first PCR was carried out using nkanS1f and kanS3r as the primers, and the products were subsequently used as templates for nested PCR, using nkanS1f and kanS2r as the primers. Nested-PCR product was subcloned into pT7-blue T vector (Novagen, San Diego, CA), and the resulting plasmid was sequenced.
Molecular biological procedure. DNA manipulations were performed as described in the literature. 25 ) DNA sequencing was carried out by Takara Bio (Shiga, Japan) and Bio Matrix Research (Chiba, Japan). PCR was performed by a MyCycler thermal cycler (Bio-Rad, Hercules, CA) using an AmpliTaq Gold DNA polymerase (Applied Biosystems, Foster City, CA). Oligo DNAs for PCR primer were synthesized by Sigma Genosys (Hokkaido, Japan). Purification of plasmids was carried out with a GFX MicroPlasmid Prep Kit (Amarsham Biosciences, Piscataway, NJ). Restriction enzymes and modification enzymes were purchased from Takara Bio (Shiga, Japan). Genetic analysis was performed with GENETYX-WIN ver. 5.00 (Software Development, Tokyo, Japan), and a database search was carried out by BLAST on the Internet (http://www.ddbj.nig.ac.jp/ search/blast-j.html). An evolutionary tree was constructed by the neighbor-joining method 26) using the CLUSTAL W program 27) on the Internet (http://www. ddbj.nig.ac.jp/search/clustalw-j.html). All other reagents were of the highest grade commercially available. Frame analyses of obtained sequences were performed by FramePlot 28) on the Internet (http://www.nih.go.jp/~jun/ cgi-bin/frameplot.pl).
Results and Discussion
According to the protocol described in ''Materials and Methods'', we obtained 33 individual clones that were homologous with aminotransferase genes in aminoglycoside biosynthesis, as shown in Table 2 . Soil from Shinjuku Central Park was shown to contain many kinds of genes compared with the soils from other places. The results showed that there are differences in the diversity of aminotransferase genes among places. In the case of this study, the soil from Shinjuku Central Park was found to be a good source for isolation of aminoglycoside-producers and biosynthetic genes. Figure 1 shows phylogenetic tree constructed from DNA sequences of obtained clones and known homologs. It is clear that the genes can be classified into several clusters. Similar genes were detected everywhere. This might be due to horizontal gene transfer in soil. The tree shows the evolutionary distances among the genes, and possibly demonstrates the structural relationships among the aminoglycosides biosynthesized using these genes. From this point of view, genes (such as sf8, sf5, sc5, sh4, fj1, sf6, sf11, gb3, sad, ga2, fj3, sc7, fj4, gb6, se1, sae, sah, and sc1) included in a branch which is far from already identified genes are worthy to notice. They might be involved in the biosynthesis of aminoglycosides with novel structures, and they can be used as probes for efficient screening of the producers. Almost all the aminoglycoside-biosynthetic genes identified to date originate from actinomycetes. Only exception is the butirosin-biosynthetic genes from B. circulans. [16] [17] [18] 22) Butirosin has a unique 4-amino-2-hydroxybutyric acid (AHBA)-side chain in its structure. It is well-known that butirosin is resistant to certain enzymes that modify aminoglycosides in resistant bacteria by the existence of AHBA, and that AHBA is important in semisynthetic aminoglycosides active against resistant strains. 29) Hence, it is important to study aminoglycosides produced by organisms of phylogenetically distant relationships from actinomycetes for development of antibiotics with novel activities. In order to amplify not only actinomycete genes but also non-actinomycete genes, we designed the third letter of the codon in the degenerate PCR primers as a 4-base mixture, not a 2-base mixture of G and C (Table 1) . Two clones (sin and ga3) were obtained which were closely related to btrS from B. circulans (Fig. 1) . Further, the G þ C contents of clone sin and ga3 were notably low (59% and 58% respectively). Although the efficiency was quite low, we showed that the method described here allows the acquisition of aminoglycoside-biosynthetic genes from non-actinomycetes. These genes can also be probes for screening of notable producers of aminoglycosides.
An alignment of the deduced amino acid sequences of DNA fragments is shown in Fig. 2 . This result clearly indicates that aminotransferases in aminoglycoside biosynthesis show wide diversity in their amino acid sequences. However, some amino acid residues were shown to be completely conserved in all clones. They might be important residues for enzymatic activity.
In the present study, we succeeded in identifying aminoglycoside-biosynthetic genes from soil DNA for the first time. This method is advantageous for efficient construction of a genetic library. Although the genes obtained in this study appeared to be from culturable 
Mount Fuji fj1 (AB205506) fj4 (AB205508) (three clones) fj3 (AB205507) Fig. 1 . Phylogenetic Tree Showing the Relationships between Aminotransferase Genes for Aminoglycoside Biosynthesis and Homologous Genes from Soil. btrS, B. circulans (butirosin-producer); gntA, Micromonospora echinospora (gentamicin-producer); orf10, orf16, Streptomyces kanamyceticus (kanamycin-producer); scoeli, Streptomyces coelicolor (non-aminoglycoside producer); sfra, Streptomyces fradiae (neomycin-producer); spcE, Streptomyces flavopersicus (spectinomycin-producer); spcS2, Streptomyces spectabilis (spectinomycinproducer); sribo, Streptomyces ribosidificus; stsC, Streptomyces griseus (streptomycin-producer); tbmB, Streptomyces tenebrarius (tobramycin-producer). The tree was constructed based on DNA sequences of genes. The sequence of the gene from S. coelicolor was used as the outgroup for the phylogenetic tree. The bar indicates 0.1 nucleotide substitutions per site.
organisms, some attracting DNA fragments (such as sf8, sf5, sc5, sh4, fj1, sf6, sf11, gb3, sad, ga2, fj3, sc7, fj4, gb6, se1, sae, sah, sc1, sin, and ga3) were found by phylogenetic analysis. Such genes obtained can be useful markers for the isolation of originating organisms from the environment, and for the cloning of entire gene clusters from the organism or from a metagenomic library. Further, the results show that these molecular analyses can suggest rich soils for screening of producers or genes (such as the soil from Shinjuku Central Park). Additionally, we identified the completely conserved residues in the aminotransferase. This finding can contribute to the enzymatic study of the enzyme. Thus, the result of this study provides novel information for future work on aminoglycoside biosynthesis.
